The Dictyostelium genome harbors single copy genes for both the catalytic and regulatory subunits of the Ca 2+ /calmodulindependent protein phosphatase calcineurin. Since molecular genetic approaches to reduce the expression of these genes have failed so far, we attempted to pharmacologically target calcineurin activity in vivo by using the recently described calcineurin inhibitor, gossypol. Up-regulation of expression of the gene for the Ca 2+ -ATPase PAT1 in conditions of Ca 2+ stress was reduced by gossypol. Dictyostelium wild-type cells treated with 12.5-100 lM gossypol showed reduced growth rates and impaired development. In addition, cell signalling was affected. A cell line that overproduces the catalytic subunit of calcineurin was more resistant to gossypol.
Introduction
The Ca 2+ /calmodulin-dependent protein phosphatase, calcineurin (CN), has been proposed to play an important role as a general activator of cell differentiation [1] and Ca 2+ -mediated cell signalling in Dictyostelium [2] . Expression of the Ca 2+ -ATPase PAT1 is up-regulated when the cells are grown in Ca 2+ -rich medium [3] . Experiments in which cells in high Ca 2+ concentrations were treated with cyclosporin A and FK506 strongly suggested that the expression of the gene for PAT1, patA, is under the control of a calcineurin-dependent transcription factor, similar to Crz1/Tcn1p of Saccharomyces cerevisiae [4, 5] . More recently a new Ca 2+ /calcineurin-regulated gene family was identified [6] . This cup gene family is involved in Dictyostelium development and the cup genes seem to be also upregulated via a calcineurin-dependent transcription factor.
Our group has cloned both subunits (CNA/CNB) of CN from D. discoideum and characterized the enzyme at the molecular and biochemical level. Expression of CN is developmentally regulated, with maximal amounts of the catalytic A subunit in vegetative cells and after aggregation [7] . The latter peak of expression may correspond to a switch in the holoenzyme composition, with the regulatory B subunit being replaced by an unmyristoylated isoform whose mRNA is produced by an unorthodox RNA processing mechanism [8] . The activity and substrate specificity of the enzyme isolated either from Dictyostelium or recombinant Escherichia coli proved very similar to its counterparts from other organisms [9] . In parallel, we attempted to address the role of CN by reverse genetics. Several approaches to delete the single CNA gene in the haploid genome by insertion of selectable markers or to reduce its expression by antisense-mRNA failed (U. Kessen and R.M., unpublished results and reference [2] , indicating that CN is essential for growth of the cells. In contrast, 50-fold overproduction of the catalytic subunit did not cause detectable phenotypic alterations, possibly because the intact CNA/CNB holoenzyme is required for binding and dephosphorylation of its specific phosphoprotein substrates [9] . Moreover, the classical CN inhibitors, cyclosporin A and FK506, although having proven their usefulness in the in vitro cell differentiation assay [1] and under Ca 2+ stress [10] did not cause detectable alterations in our standard growth and differentiation assays (unpublished observations).
Recently Baumgrass and co-workers [11] screened 5000 compounds from a substance library and found the polyphenolic aldehyde gossypol to specifically inhibit mammalian CN in vitro and in vivo. Here we show that gossypol, in concentrations very similar to those effective in the mammalian system, impairs growth, development and cell signalling in Dictyostelium as well as up-regulation of expression of the gene for the Ca 2+ -ATPase PAT1 in conditions of Ca 2+ stress. A cell line that overproduces CNA was more resistant to gossypol inhibition, suggesting that CN is specifically targeted by gossypol.
Materials and methods

Materials
Gossypol and apogossypol hexaacetate were purchased from Sigma-Aldrich (Mü nchen, Germany). Stock solutions were prepared in dimethylsulfoxide (DMSO) and stored in aliquots at À70°C up to 4 weeks. A cDNA probe for the patA gene was a generous gift from Barrie Coukell.
Strains and culture conditions
Dictyostelium discoideum strain AX2 [12] and a D. discoideum CNA overproducing strain E1 were used in this study. E1 was isolated by transformation of AX2 cells with a pDNeoII derivative containing the complete coding cDNA for CNA under control of the actin-6 promoter [9] . This mutant has previously been characterized and was found to show no detectable phenotypic alterations as compared to AX2 [9] . Amoebae were grown axenically at 22°C in AX medium [12] or in defined FM medium [13] . In experiments where CaCl 2 was added to the cultures, cells were grown in MES/HL-5 medium [3] . When necessary, the antibiotic Geneticin (G418, 20 lg/ml) was added.
Growth measurements
Growth rates were determined by inoculating 10 5 cells/ml into FM medium [13] . Cells were shaken at 150 rpm and 22°C in the dark. Culture densities were monitored using a Neubauer counting chamber. In order to control for possible solvent effects, cultures were grown in the presence of 0.5% v/v DMSO.
Differentiation assay
To induce cell development cells were washed twice with ice-cold Sørensen phosphate buffer [17 mM (KH 2 /Na 2 H)PO 4 ], pH 6.0 and 2 · 10 7 cells were spread on HABP filters (47 mm, Millipore, Eschborn, Germany) supported by two paper filters (47 mm) soaked with buffer. Filters were incubated in the dark at 22°C for the times (t x in hours) indicated.
Light scattering assay
Cells were grown in FM medium [13] to densities of 2-8 · 10 6 /ml, washed twice with cold Sørensen phosphate buffer, adjusted to 2 · 10 7 /ml and shaken at 150 rpm for the times indicated (t x ). 5 ml cell suspension were transferred to a flat airlift plexiglass cuvette (2 · 1 cm) and continuously aerated and kept in suspension with a stream of air entering at the bottom of the cuvette. Light scattering was measured by a modification of the method of Gerisch and Hess [14] , with an infra-red emitter-detector probe.
Northern blot analysis
Cells were grown in MES-HL-5 medium [3] to a density of 5 · 10 6 cells/ml. For Ca 2+ stress-induction of patA, the cells were treated with 20 mM CaCl 2 for 3 h. 25 lM gossypol was added for 1 h. Total RNA was isolated using the peqGold RNA Pure kit (Peqlab, Erlangen, Germany). 5-10 lg/RNA were separated on 1.2% agarose/6.6% formaldehyde gels and transferred to nylon membranes (Roche Molecular Diagnostics, Mannheim, Germany). The membranes were probed with a DIG-labeled patA cDNA fragment and stained with CSPD (Disodium 3-(4-meth-oxyspiro {1,2-dioxetane-3,2Õ-(5Õ-chloro) tricyclo [3.3.1.13,7] decan}4-4-yl)phenyl phosphate) (all reagents from Roche Molecular Diagnostics, Mannheim, Germany).
Results
Inhibiton of calcineurin-mediated up-regulation of patA by gossypol
It has previously been shown that transcriptional upregulation of the expression of the Ca 2+ ATPase Pat1 is dependent on calcineurin [10] . We therefore used up-regulation of patA expression as a model system to test the effects of the pharmacological agent gossypol at the molecular level. Dictyostelium wild-type and CNA-overproducing cells were stressed with CaCl 2 for 3 h. Subsequently 25 lM gossypol was added to the cultures for 1 h. Total RNA was isolated and hybridized with a DIGlabeled patA probe. Under standard conditions patA mRNA expression in AX2 cells as well as E1 is weak [3] (Fig. 1 , lanes 1 and 2; the patA signal in E1 is a bit stronger because more RNA was loaded). In contrast to growth in low Ca 2+ -medium expression of patA mRNA was strongly up-regulated under calcium stress ( Fig. 1, lanes 3 and 4) . In wild-type cells 25 lM gossypol caused a complete inhibition of the Ca 2+ induction of patA mRNA. Inhibition of patA induction by 25 lM gossypol was significantly less pronounced in the CNA-overproducing mutant (compare lanes 5 and 6 in Fig. 1 ).
Effects of gossypol on growth
The effects of gossypol on growth of Dictyostelium cells were tested with AX2 cells growing in defined medium at various concentrations of gossypol. As shown in Fig. 2 gossypol in concentrations at and above 12.5 lM inhibited growth in a dose-dependent manner. 12.5 lM of the drug caused a 24% reduction and 25 lM a 62% reduction. At concentrations of 50 lM and above growth was completely halted. The CNA overproducing strain, E1, was more resistant to gossypol than AX2 cells transformed with pDNeoII without insert. Although the wild-type growth rate was reduced by about 60% with 25 lM gossypol, growth of the E1 mutant at this drug concentration was only slightly affected (data not shown).
Influence of gossypol on Dictyostelium development
Development of starving Dictyostelium cells was studied on HABP filters soaked with Sørensen phosphate buffer and gossypol at various concentrations. Control cells treated with 2% DMSO completed morphogenesis about 6 h later than untreated cells (data not shown). Development of AX2 cells incubated with 5 lM gossypol was slightly delayed in comparison to control cells. At higher concentrations this delay became more pronounced (Table 1) . After 24 h control populations were at the slug/early culminant stage, whereas cells treated with 25 lM gossypol showed virtually no sign of aggregation (Fig. 3) . In the presence of 75 lM gossypol, even after 72 h no mature fruiting bodies were formed, however, cells treated with 50 lM gossypol could eventually complete morphogenesis (Table 1) . Since gossypol is unstable at room temperature, we tested whether the drug could cause an irreversible block of development when the HABP filters with the developing organisms were placed on new paper filters soaked with fresh gossypol daily. This treatment did not lead to more drastic inhibition of development (data not shown). During morphogenesis Dictyostelium aggregates synthesize an extracellular matrix, the ''slime sheath'' [15] which could act as a barrier to diffusion of gossypol into the interior of the aggregate, allowing the organisms to eventually recover from gossypol inhibition. Development of the CNA overproducing cell line E1 was similarly affected by gossypol, although these cells could complete morphogenesis in the presence of 25 and 50 lM gossypol somewhat earlier than the wild-type (Table 1) .
Effect of gossypol on cAMP-induced light scattering reactions and autonomous light scattering oscillations
Dictyostelium populations developed for 2-4 h in suspension react to exogenously added cAMP with dosedependent transient decreases in their light scattering. At about t 4 , autonomous oscillations in light scattering are observed which reflect rhythmic signalling reaction cycles in the population due to changes in the shape of individual cells and the formation of aggregates consisting of a few cells [16] . Light scattering reactions thus translate chemotactic behavior. From the development studies we inferred that aggregation of the cells was delayed when gossypol was added. To assess the effects of the drug on signal transduction and chemotaxis of Dictyostelium two sets of experiments were performed. (i) Early developing cells were treated with gossypol and its effects on cAMP-induced light scattering transients were analysed. (ii) The effects of the drug on autonomous light scattering oscillations of cells developed in suspension for 4-8 h were measured. In wildtype cells both cAMP-induced reactions (Fig. 4(a) ) and autonomous oscillations were inhibited by gossypol in concentrations of 5-10 lM (Fig. 4(c) ). The CNA overproducing cell line E1 proved more resistant to gossypol inhibition (Fig. 4(b) and (d) ). Neither cAMP-stimulated nor autonomous light scattering reactions were inhibited by gossypol at concentrations of 10 lM. In this cell line 50 lM gossypol had similar effects as 10 lM gossypol in wild-type cells (Fig. 4(e) ; Table 2 ).
Spike-shaped autonomous light scattering oscillations are accompanied by oscillations in the cellular concentrations of cAMP, reflecting relay of the cAMP signal [17] . Fig. 5 shows that significant changes in the concentration of cellular cAMP could no longer be detected after light scattering oscillations has ceased following gossypol treatment. Gossypol thus abolishes relay of the cAMP signal during early development.
Upon prolonged incubation with the drug, light scattering oscillations both in wild-type and E1 populations eventually recovered. When a second dose of the drug was then applied, the oscillations again damped out, suggesting that gossypol is inactivated either by the cells or by vigorous aeration of the cell suspension in the cuvette (data not shown). 
Discussion
This study takes advantage of the recently characterized CN inhibitor, gossypol, to assess the role of CN in Dictyostelium growth and development. We show that gossypol, in doses very similar to those described for effective inhibition of mammalian CN in vitro and in vivo, had dramatic effects on vegetative growth, cell signalling and development of Dictyostelium cells. Gossypol, a compound present in relatively high amounts in cottonseeds, is of medical interest because of its male anti-fertility properties, however, the molecular target of the drug in sperm cells was unknown [18] . It has now been proposed that gossypol inhibits CN by binding close to the active site of mammalian CN [11] . This binding site seems to be different from the site of action of cyclosporin A and FK506. Both classes of inhibitors require cellular receptors, cyclophilin and FKBP, for inhibition of CN and ultimately affecting the NFAT pathway.
Gossypol inhibition of the up-regulation of patA under Ca 2+ stress conditions, which has been previously shown to be under control of CN [10] , suggests to us a pathway similar to the Crz1/Tcn1p pathway in S. cerevisiae which regulates expression of the Ca 2+ ATPase. Although early work reported gossypol to affect protein kinase C, phospholipase A 2 and dehydrogenases in other systems [19] [20] [21] , the observation that a CNA-overproducing cell line was more resistant to the effects of the drug argues in favor of a specific action of gossypol on Dictyostelium CN. Based on the yield of CNA purified from the overproducing cell line E1 [9] we can estimate the cellular concentration of the protein to several lM in the mutant, which is in the same range as the concentration of gossypol utilized in our experiments. Although it is not known whether gossypol can bind to the CNA apoenzyme, we speculate that CNA might act as an intracellular sink for gossypol in strain E1. Although deletion of the cnb1 gene encoding the CN regulatory subunit in S. cerevisiae blocks recovery from mating factor-induced cell cycle arrest, CN is not essential for normal growth of yeast [22] . In Candida albicans and Cryptococcus neoformans CN is necessary for the virulence of these fungal pathogens [reviewed in [23] ]. In the filamentous fungus Aspergillus nidulans CN is indispensable for growth [24] , and a great variety of mammalian cell types showed abolished proliferation after CN inhibition by cyclosporin A [reviewed in [25] ]. The underlying molecular details of the cell cycle arrest are currently under investigation. Dose-dependent inhibition of Dictyostelium cells by gossypol argues in favor of an essential role of CN in growth and could explain repeated failure of our approaches to delete the single copy canA gene in the haploid Dictyostelium genome.
Earlier work [1] suggested that CN is a general activator of cell differentiation in Dictyostelium. This is supported by our data on gossypol inhibition of development. We found aggregation of the cells to be dramatically delayed in the presence of the drug, whereas block of further development was less severe as soon as tight aggregates had eventually formed. We suspect that the eventual recovery from gossypol inhibition may be caused by impermeability of the extracellular matrix of multicellular structures to gossypol. However, we cannot rule out other possible mechanisms that might render post-aggregative cells more resistant to gossypol. Our results thus do not contradict those of Horn and Gross [1] who found that cyclosporin A and FK506 inhibited differentiation into mature stalk and spore cells in an in situ differentiation assay where cells are analyzed at densities too low to allow the formation of multicellular structures. In Dictyostelium gossypol affects both cellular processes that require gene regulation (patA induction, growth, development) and cell signalling during chemotactic aggregation. The fact that cAMP-induced and autonomous light scattering reactions as well as cAMP relay were drastically inhibited within minutes after application of the drug argues against transcriptional effects. More likely, gossypol acts on (a) target(s) involved in intracellular signal processing or cytoskeletal rearrangements. We previously reported alternative, Ca 2+ /calmodulin-independent activation of Dictyostelium CN in vitro by unsaturated long-chain fatty acids [2] which are known for their involvement in the regulation of Ca 2+ fluxes during chemotaxis [26] . We proposed Ca 2+ -independent activation of CN to regulate Ca 2+ release from intracellular stores which would lead to further, Ca 2+ /calmodulin-dependent CN activation and, upon metabolic inactivation of the free fatty acids and re-sequestration of cytosolic Ca 2+ , to relaxation of the chemotactic reaction [2] .
The data presented here support a role of CN in the intracellular pathways that regulate chemo-communication between starving Dictyostelium cells. In future studies gossypol may prove as a convenient tool to investigate the role of the phosphatase in cellular signalling, for example by comparing patterns of mRNA expression in control and gossypol-treated wild-type and CNA-overproducing cells. The transcription factors (e.g., NFAT in T cells and Crz1/Tcn1p in yeast) which are activated by CN in different organisms share only marginal sequence similarity, and it is difficult to predict a homologous factor from the available genome sequences from Dictyostelium [27] . By using gossypol as an inhibitor for CN it will become conceivable to search for downstream elements in the Ca 2+ /calmodulin activated signalling cascade in which CN is a central player.
